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Zuzana Redžović , Marijana Erk 
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A B S T R A C T   
The application of invasive fish Prussian carp (Carassius gibelio Bloch, 1782) as bioindicator organism, using 
intestine as bioindicator tissue of anthropogenic influence in the lowland Ilova River was estimated. Intestinal 
tissue enables the investigation of dietborne metal uptake, so the first record on intestinal metal levels in Prussian 
carp was presented, as total and cytosolic fraction, which indicates the proportions of potentially toxic and 
bioavailable metals. Pollution impact was also estimated by analyses of biomarkers of oxidative stress (malon-
dialdehyde), antioxidative capacity (catalase and glutathione) and of metal exposure (metallothioneins). All 
analyzed parameters were compared in the intestine of fish from the reference site and contaminated site 
impacted by technological and municipal wastewaters in two seasons. Both total and cytosolic As, Ca, Cd, Cs, Cu, 
Mg, Na and Rb levels were significantly higher at contaminated than the reference site in at least one season, 
whereas Mn and V had higher concentrations at the reference site. Despite differences in concentrations, average 
proportions of total metal levels in cytosolic fraction were comparable at two sites, i.e. over 70% for Na, K, Rb, 
Se, Cd, Cs, As and Mo, indicating their high possibility of binding to important biomolecules. In addition, higher 
levels of malondialdehyde in both seasons and enhanced catalase activity in spring, indicated disturbed envi-
ronmental conditions near the contaminated site and need of continuous monitoring of this region. Finally, our 
research represents successful application of widely distributed invasive species in ecotoxicological studies, 
whereas intestine was shown as a suitable bioindicator tissue, clearly reflecting dietary metal uptake.   
1. Introduction 
Prussian carp (Carassius gibelio Bloch, 1782), a cyprinid fish species 
nowadays widely distributed in Europe and Asia, has a high invasion 
potential and can tolerate unfavorable environmental conditions 
including low oxygen levels, variable temperatures and high levels of 
anthropogenic pollution (De Boeck et al., 2004). Accordingly, it is an 
appropriate bioindicator in pollution assessment studies (De Boeck 
et al., 2004; Falfushynska et al., 2011; Tsangaris et al., 2011), including 
metal contamination. As a highly dominant fish species in the Ilova 
River, it was chosen as a bioindicator organism to evaluate the extent of 
existing anthropogenic impact on the biota of that ecosystem. Ilova 
River is a lowland river in the continental part of the Republic of Croatia, 
significant as a part of protected wetland area Lonjsko Polje Nature Park 
but it is under the influence of municipal (Town of Kutina) and industrial 
wastewaters (fertilizer factory) (Radić et al., 2013; Mijošek et al., 
2020a). Effluents of industrial and municipal wastewaters contain a 
wide variety of pollutants depending on the type of activities, but high 
concentrations of trace metals have been often reported in wastewaters 
of those types (Mendiguchía et al., 2007). 
Monitoring of trace and macro elements accumulation in Prussian 
carp in existing studies was usually carried out by measuring their total 
concentrations in commonly used target organs such as muscle, liver, 
kidney and gills (Andreji et al., 2006; Has-Schön et al., 2008; Falfush-
ynska et al., 2011; Yabanli et al., 2014; Milošković and Simić, 2015; 
Đikanović et al., 2016; Zhelyazkov et al., 2018), but to our knowledge, 
the intestinal tissue of Prussian carp has not yet been applied as indicator 
tissue in metal exposure assessment. Despite its crucial role in fish 
digestion and nutrient absorption, as well as dietborne metal uptake 
(Clearwater et al., 2000), intestinal tissue is generally rarely applied as a 
bioindicator tissue. Existing studies mostly reported on only total metal 
concentrations in the intestine of different fish species (Dallinger and 
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Kautzky, 1985; Staniskiene et al., 2006; Filipović Marijić and Raspor, 
2010, 2012; Jarić et al., 2011; Nachev and Sures, 2016; Yeltekin and 
Sağlamer, 2019), with only few exceptions by Filipović Marijić and 
Raspor (2012) and Mijošek et al. (2019a,b) who reported cytosolic metal 
concentrations in European chubs and brown trouts, respectively. Total 
concentrations, however, do not reflect biologically and metabolically 
available metal content since in organisms, metals are involved in many 
metabolic processes and end up incorporated in different cellular com-
ponents (Wallace et al., 2003), such as metal-rich granules or metal-
lothioneins (detoxified metal forms) and sensitive biomolecules 
(nondetoxified metal forms) (Urien et al., 2018). Therefore, in the pre-
sent study, to get more information on subcellular partitioning of metals 
and their potentially toxic levels and effects, we have measured both 
total and cytosolic concentrations in the intestine of invasive fish Prus-
sian carp. Metals in cytosolic fraction can bind and interact with either 
biologically available part containing microsomes and heat sensitive 
proteins (e.g., enzymes) or detoxified part involving heat-stable proteins 
(e.g., metallothioneins) (Bonneris et al., 2005; Urien et al., 2018). 
Moreover, many environmental contaminants, including organic 
compounds and metals lead to extensive formation of reactive oxygen 
species (ROS) which consequently cause oxidative damage to cellular 
biomolecules including DNA, proteins and unsaturated lipids in cell 
membranes of organisms (Martínez-Álvarez et al., 2005). To overcome 
adverse effects of ROS, fish have an efficient antioxidant defense system 
involving both non-enzymatic compounds (vitamins E and C, gluta-
thione (GSH) and other thiols) and enzymatic compounds (catalase, 
CAT; superoxide dismutase, SOD; and glutathione-S-transferase, GST). 
Besides by directly increasing the cellular concentration of ROS, metals 
promote oxidative damage also by lowering the cellular antioxidant 
capacity (Pinto et al., 2003). Thus, in order to evaluate the extent of 
oxidative stress and efficiency of antioxidant system in fish from the 
Ilova River, levels of malondialdehyde (MDA) as biomarker of oxidative 
damage and CAT activity as enzymatic antioxidant and GSH as non- 
enzymatic antioxidant, as two biomarkers of antioxidative capacity, 
were measured in their intestine. Additionally, biomarkers of metal 
exposure, metallothioneins (MTs), were used, because their induction is 
considered as a direct response to the elevated intracellular metal con-
centrations. Since levels of most biomarkers are known to be affected by 
various biotic and abiotic factors (size, age, feeding behavior, oxygen 
levels, pH, temperature, presence of contaminants) and organisms are 
almost always exposed to multiple contaminants, using the multi- 
biomarker approach, as in our research, better reflects real environ-
mental state and presence of certain contaminants (Martínez-Álvarez 
et al., 2005). 
Thus, the overall aim of the present study was to evaluate the po-
tential threats for the organisms and for the protected area of Lonjsko 
Polje Nature Park by presenting, for the first time, metal cytosolic con-
centrations and proportions of potentially toxic metal fractions in the 
intestine of Prussian carp, and by applying multi-biomarker approach to 
assess the oxidative stress levels. In addition, we have estimated the 
potential and benefits of applying intestinal tissue as a target bio-
indicator organ and dietary uptake site and invasive fish species Prus-
sian carp as bioindicator in metal risk assessment. 
2. Materials and methods 
2.1. Study area and fish sampling 
Samplings of Prussian carps (C. gibelio) were conducted in the Ilova 
River in the continental part of Croatia. Lower part of the river water-
course is nowadays known to be threatened by technological (petro-
chemical processing in fertilizer factory) and municipal (Town of 
Kutina) wastewaters. Study was performed at two sites (reference and 
contaminated) and two seasons (autumn 2017 and spring 2018) in order 
to evaluate the application of fish intestine as a bioindicator tissue in the 
real environmental conditions. Reference site was located near the Ilova 
village and upstream of the Town of Kutina and pollution sources. 
Contaminated site was located near the Trebež village, about 8 km 
downstream of the confluence of the Kutinica River that discharges in-
dustrial wastewater originating mostly from a fertilizer factory (Radić 
et al., 2013), and is a part of protected area of Lonjsko Polje Nature Park. 
Detailed description of the sampling sites was given by Mijošek et al. 
(2020a). Radić et al. (2013) previously investigated the water contam-
ination at one sampling site of the Ilova River which was located 
immediately downstream of the Town of Kutina, near the fertilizer 
factory. They recorded higher values of Fe, Cd, Pb, Cr, Hg, Zn, Cu, and Ni 
at this site near the factory compared to the reference site, but only 
concentrations of Pb and Hg were above limits set by WHO (Radić et al., 
2013). Mijošek et al. (2020a) revealed that, during the same sampling 
campaigns as in this study, majority of measured elements were signif-
icantly elevated in water near the Trebež village, with Al, As, Cd, Ni and 
V being the most concerning elements as their concentrations were 
several times higher in comparison to the Ilova village. Similar trends 
were confirmed for sediments, where average level of Cd was about 20 
times higher at the Trebež village compared to the Ilova village. 2–3 
times higher levels at the Trebež village were observed for As, Cu, Ni, Pb, 
U, V and Zn while other elements were either up to 2 times higher at that 
site or comparable between the two investigated sites (Mijošek et al., 
2020a). Further, contamination and enrichment factors, as well as 
pollution load indices, calculated for sediment samples, also indicated at 
least slightly disrupted environmental conditions at the contaminated 
site near the Trebež village (Mijošek et al., 2020a). 
Chosen bioindicator organism, due to the highest abundance in the 
Ilova River, was the invasive cyprinid fish species Prussian carp (Car-
assius gibelio Bloch, 1782). In autumn, 20 fish specimens were sampled at 
each site, while in spring 23 and 20 fish individuals were sampled from 
the reference and the contaminated site, respectively. As a standard 
procedure, electro-fishing was used for the fish sampling, following the 
Croatian standard HRN EN 14011 (2005). Captured fish were kept alive 
in an aerated water tank for about 2–3 h before further processing. 
2.2. Dissection and biometric parameters 
All fish were euthanized using freshly prepared anesthetic tricaine 
methane sulphonate (MS 222, Sigma Aldrich, USA) according to the 
Ordinance on the protection of animals used for scientific purposes 
(European Union, 2010). Following the fish sacrifice, total masses and 
lengths were recorded, and the liver, gonads and posterior part of the 
intestine were dissected and weighed. Posterior part of the intestinal 
tissue of each fish was stored at − 80 ◦C until further analyses. Biometric 
calculations involved different indices: hepatosomatic index (HSI =
(LM/M) × 100; Heidinger and Crawford, 1977), gonadosomatic index 
(GSI = (GM/M) × 100; Wootton, 1990) and Fulton condition index (FCI 
= (M/L3) × 100; Ricker, 1975), where M is the body mass (g), L is the 
total length (cm), LM is the liver mass (g) and GM is the gonad mass (g). 
2.3. Homogenization procedure 
Homogenization was performed as already described by Mijošek 
et al. (2019a,b). Prior to GSH analyses, a piece of intestinal tissue was 
homogenized in 5 volumes of ice-cold 5% sulfosalicylic acid (SSA) using 
Potter-Elvehjem homogenizer (Glas-Col, USA) and then centrifuged at 
10,000 × g for 10 min at 4 ◦C (Biofuge Fresco, Heraeus, Germany). 
Another piece of fish intestine used for the analyses of metals and other 
biomarkers was homogenized in 5 volumes of ice-cold 100 mM Tris- 
HCl/base (Merck, Germany, pH 8.1 at 4 ◦C) supplemented with 1 mM 
dithiothreitol (DTT, Sigma, USA), 0.5 mM phenylmethylsulfonyl fluo-
ride (PMSF, Sigma, USA) and 0.006 mM leupeptin (Sigma, USA). Sam-
ples were homogenized by Potter-Elvehjem homogenizer (Glas-Col, 
USA) in an ice cooled tube. Appropriate aliquot of each homogenate was 
separated and set aside for subsequent digestion and analyses of total 
metal levels (includes insoluble and soluble tissue fractions). The 
T. Mijošek et al.                                                                                                                                                                                                                                 
Ecological Indicators 122 (2021) 107247
3
remaining part of homogenate was centrifuged by Avanti J-E centrifuge 
(Beckman Coulter, USA) in few steps: supernatant obtained by centri-
fugation at 3000 × g for 10 min at 4 ◦C was used for MDA analyses, at 
10,000 × g for 30 min at 4 ◦C for analyses of CAT activity and lastly at 
50,000 × g for 2 h at 4 ◦C for the determination of cytosolic metal 
concentrations (includes soluble tissue fraction) and MT analyses. Ob-
tained supernatants were all stored at − 80 ◦C until analyses. 
2.4. Digestion of intestinal tissue fractions and determination of total and 
cytosolic trace and macro elements concentrations 
To prepare the samples for the metal quantitation, intestinal ho-
mogenates and cytosols were digested by adding the oxidation mixture 
(v/v 1:3 for homogenates and v/v 1:1 for cytosols) of concentrated 
HNO3 (Rotipuran® Supra 69%, Carl Roth, Germany) and 30% H2O2 
(Suprapur®, Merck, Germany) in the volume ratio of 3:1. Homogeni-
zation buffer represented a blank sample and was digested in the same 
procedure as samples. Digestion procedure was performed in the dry 
oven (FN 055, Nuve, Turkey) at 85 ◦C for 3.5 h. Following digestions, 
samples were diluted with Milli-Q water, 1:20 prior to Na, K and Mg 
analyses and 1:5 prior to Ca and trace element analyses (Dragun et al., 
2018; Mijošek et al., 2019b). 
High resolution inductively coupled plasma mass spectrometer (HR 
ICP-MS, Element 2; Thermo Finnigan, Germany), equipped with an 
autosampler SC-2 DX FAST (Elemental Scientific, USA) was used to 
determine the trace and macro elements concentrations. Determination 
of 5 elements (82Se, 85Rb, 98Mo, 111Cd and 133Cs) was operated in low 
resolution mode; of 11 elements (23Na, 24Mg, 42Ca, 51V, 55Mn, 56Fe, 
59Co, 60Ni, 63Cu, 66Zn and 86Sr) in medium resolution mode; and of 2 
elements (39K and 75As) in high resolution mode. To correct changes in 
peak intensities, In (1 μg L− 1, Indium Atomic Spectroscopy Standard 
Solution, Fluka, Germany) was used as an internal standard. 
Two external calibrations were performed, one for the macro ele-
ments using multielement standard containing Na (1.0 g L− 1), K (2.0 g 
L− 1), Mg 0.4 g L− 1) and Ca (2.0 g L− 1) (Fluka, Germany) and the second 
calibration using multielement stock standard solution for trace ele-
ments (Analitika, Czech Republic) in which standard solution of Cs 
(Fluka, Germany) and Rb (Sigma-Aldrich, Germany) were added. All 
standards were prepared in 1.3% HNO3 (Suprapur; Merck, Germany). 
Two quality control samples (QC) obtained from UNEP/GEMS were 
used to check the accuracy and precision of HR ICP-MS measurements: 
QC for trace metals (QC trace metals, catalogue no. 8072, lot no. 
146142–146143; Burlington, Canada) and QC sample for macro ele-
ments (QC minerals, catalogue no. 8052, lot no. 146138–146139; Bur-
lington, Canada). Following recoveries were obtained (%) (based on 
three measurements in control sample for trace elements and Ca and two 
measurements for K, Mg and Na): As (94.0 ± 3.7), Ca (95.6 ± 1.2), Cd 
(94.0 ± 0.8), Co (96.0 ± 1.9), Cu (97.2 ± 2.2), Fe (93.1 ± 4.7), K (95.8 ±
1.2), Mg (90.4 ± 2.5), Mn (93.5 ± 3.7), Na (97.7 ± 1.1), Ni (96.1 ± 0.1), 
Se (93.9 ± 1.9), Sr (98.2 ± 1.1), V (96.6 ± 1.0) and Zn (97.2 ± 3.6). 
Limits of detection (LOD) were calculated as three standard de-
viations of ten consecutive metal measurements in the blank (homoge-
nization buffer) digested according to the procedure for cytosols. LOD 
for trace and macro elements were already published by Dragun et al. 
(2018) and Mijošek et al. (2019b). 
Results obtained by measurement in digested homogenates present 
total metal/metalloid concentrations, while the results obtained for 
cytosolic fractions represent soluble, cytosolic metal/metalloid con-
centrations. All concentrations obtained in this study are presented 
either as µg kg− 1 or mg kg− 1 of wet tissue (w.w.) depending on the 
element. Proportions of total metal/metalloid present in the cytosolic 
fractions of the intestine of C. gibelio were calculated as ratios of cyto-
solic to total metal concentrations and finally expressed as percentages 
(%). 
2.5. Biomarkers determination 
2.5.1. Determination of the MDA concentration – biomarker of oxidative 
stress 
MDA levels were measured by spectrophotometrical method adapted 
from Botsoglou et al. (1994) and Ringwood et al. (2003). Mixture of 1% 
butylated hydroxytoluene (BHT, Sigma-Aldrich, USA) dissolved in 
ethanol and 10% trichloroacetic acid (TCA, Kemika, Croatia) dissolved 
in Milli-Q water (BHT/TCA = 1:100) was added to the supernatants 
(S3), which were then put in a refrigerator at 4 ◦C for 15 min and 
centrifuged at 4000 × g for 15 min at 4 ◦C. In thus obtained supernatants 
2-thiobarbituric acid (TBA, Alfa Aesar, Germany) was added and the 
samples were then heated at 100 ◦C for 30 min. After period of cooling, 
the absorbance was read at 535 nm wavelength using the spectropho-
tometer/fluorometer microplate reader Infinite M200 (Tecan, 
Switzerland). Calibration curve was constructed using 8 different con-
centrations of MDA (Aldrich, USA) dissolved in 1 N HCl (Kemika, 
Croatia). Values were expressed as nmol of MDA per gram of wet tissue 
mass. Detailed description was given by Mijošek et al. (2019b). 
2.5.2. Determination of CAT activitiy and GSH levels – biomarkers of 
antioxidative capacity 
CAT activity was measured according to the spectrophotometrical 
method of Claiborne (1985). 15.8 mM H2O2, prepared of sodium 
phosphate buffer (50 mM, pH 7.0) and hydrogen peroxide (30%), was 
added to the ten times diluted samples. Absorbance was read at 240 nm 
wavelength at 25 ◦C using the spectrophotometer/fluorometer micro-
plate reader Infinite M200 (Tecan, Switzerland). Final CAT activity was 
expressed as μmol of degraded H2O2 per min per mL and calculated 
using a molar extinction coefficient of 43.6 M− 1 cm− 1. 
Spectrophotometric DTNB-GSSG reductase recycling assay (Tietze, 
1969) was used for the determination of total GSH levels. The procedure 
for the microtiter plate assay was adapted from Rahman et al. (2006). 
0.1 M potassium phosphate buffer supplemented with 1 mM EDTA 
disodium salt, pH 7.5, was used for the preparation of all solutions. 
Solution containing DTNB (3.79 mM) and glutathione reductase (6 U 
mL− 1) was added to the sample and the mixture was then vortexed and 
kept in dark for 5 min. Next, NADPH (0.192 mM) solution was added 
and the absorbance was read for 5 min in 1-min intervals at 412 nm. 
Calibration curve, used to calculate final GSH concentrations, was made 
using GSH standards (3.125–25 nmol mL− 1) which were prepared in 
0.5% SSA. The results were expressed as nmol of GSH per g of wet tissue 
mass. 
2.5.3. Determination of MT levels – biomarker of metal exposure 
Prior to the electrochemical MT determination, cytosols (S50 frac-
tion) were heat-treated to avoid possible interferences of thermosensi-
tive high molecular mass cytosolic proteins with the electrochemical MT 
determination. As thermostable proteins, MTs remain in the solution 
after the heat-treatment. To obtain heat treated supernatants (HT S50), 
cytosolic fractions were firstly 10 times diluted with 0.9% NaCl 
(Suprapur®, Merck, Germany) and then heated at 85 ◦C for 10 min in 
the Dri Block (Techne, UK). Following, samples were placed on the ice 
for 30 min at 4 ◦C and then centrifuged at 10,000 × g for 15 min at 4 ◦C 
using Biofuge Fresco centrifuge (Kendro, USA) to get this MT rich 
fraction (Erk et al., 2002). 
MT concentrations were measured in HT S50 by differential pulse 
voltammetry following the modified Brdička procedure (Raspor et al., 
2001). 797 VA Computrace voltammetric measuring stand (Metrohm, 
Switzerland) was used, equipped with a three-electrode system (hanging 
mercury drop electrode, HMDE, as a working electrode, an Ag/AgCl/ 
saturated KCl reference electrode and a platinum counter electrode). 
Electrolyte solution consisted of 2 M NH4Cl/NH4OH and 1.2 × 10− 3 M 
Co(NH3)6Cl3 (v/v 1:1), pH = 9.5, and was thermostated to 20 ◦C and 
purged with the pure nitrogen. Applied measurement parameters were 
adapted from Mijošek et al. (2018). Straight calibration line, constructed 
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with the commercially available standard rabbit liver MT-2 (Enzo, USA), 
dissolved in 0.25 M NaCl, was used for the calculation of MT concen-
trations which were presented as mg MT g− 1 of wet tissue (w.w.). 
2.6. Statistical analyses 
Main statistical analyses were made in SigmaPlot 11.0 (Systat Soft-
ware, USA), while Microsoft Office Excel 2007 was used for regular 
calculations. Considering that assumptions of normality and homoge-
neity of variance were not always met, Mann-Whitney U test was applied 
to test the significance of differences in metal concentrations and 
biomarker values in the fish intestine between two seasons and two sites. 
Differences were regarded as significant at p < 0.05. Following the 
nonparametric analyses, correlation between parameters was tested 
using Spearman correlation analysis. Data are presented as mean ±
standard deviation (S.D.). 
3. Results 
3.1. Fish biometry 
Spatial differences were evident as higher values of all biometric 
parameters in fish from the Trebež village compared to the reference 
site, except of comparable HSI levels in autumn. Trend was even sta-
tistically significant for total length in autumn, body mass and FCI in 
both seasons and GSI in spring (Table 1). Seasonal differences pointed to 
higher levels of almost all biometric parameters in autumn than spring, 
being especially striking and significant for HSI at both locations, as well 
as significant for body mass and FCI in fish from the Ilova village. 
Exception was GSI which showed higher levels in spring at both loca-
tions, but statistically significant only at Trebež village (Table 1). 
3.2. Total and cytosolic trace and macro elements concentrations in the 
fish intestine 
The results on total and cytosolic trace and macro element levels in 
the intestine of C. gibelio represent the first data of this kind for this 
invasive fish species. They are presented in three categories: a) elements 
with higher concentrations at the contaminated site (Trebež village) 
(Fig. 1); b) elements with higher concentrations at the reference site 
(Ilova village) (Fig. 2); c) elements with mostly comparable concentra-
tions at both locations (Fig. 3). 
Total metal levels, which represent the combination of both soluble 
and insoluble metal fraction, as well as cytosolic levels, which only refer 
to soluble metal fraction, showed various spatial and temporal patterns 
among measured metals/metalloids. Total concentrations of Cd, Cs and 
Cu were significantly higher at the contaminated site in both seasons, 
and of As, Ca, Mg, Na and Rb in only one season (Fig. 1). In addition, 
cytosolic Ca, Cd, Cs, Cu, Fe and Rb were significantly higher at the 
contaminated compared to the reference site in both seasons and As, Mg 
and Na in one season. Manganese and V were significantly higher at the 
reference site in autumn and spring considering both fractions (Fig. 2), 
whereas other elements (Co, K, Mo, Ni, Se, Sr and Zn) had mostly 
comparable concentrations in both locations (Fig. 3). Seasonal trends 
were not so clear, but concentrations of total and cytosolic Cd and Cs, 
with the addition of total K were significantly higher in autumn 
compared to the spring season in both locations, while the opposite 
trend was shown significant for total and cytosolic As, Co and Sr, total 
Mn and Zn and only cytosolic V. Other elements did not show clear 
pattern (Figs. 1–3). 
3.3. Proportions of intestinal trace and macro elements present in the 
cytosolic fractions 
Average proportions of total metal levels present in cytosolic intes-
tinal fraction, i.e. soluble tissue fraction where metals are capable of 
binding to biologically important molecules, are presented in Table 2. 
The ratio over 70% was found for Na, K, Rb, Se, Cd, Cs, As and Mo, 
between 50% and 70% for Mg, Co, Zn, and Sr, while the average pro-
portions of Cu, Ca, Mn, Fe, V and Ni were below 50%. 
3.4. Biomarker responses 
3.4.1. MDA - biomarker of oxidative stress 
MDA levels were significantly higher in fish caught at the location 
near the Trebež village, showing approximately 2 to 3 times higher 
average values at contaminated compared to the reference site in 
autumn and spring, respectively (Fig. 4a). In both seasons, average MDA 
concentrations were around 40 nmol g− 1 w.w. at the Ilova village site 
and 87–105 nmol g− 1 w.w. at the Trebež village (Fig. 4a). Seasonal 
differences were not significant and did not show clear trend. 
3.4.2. CAT and GSH - biomarkers of antioxidative capacity 
Regarding CAT activity, significant spatial difference was observed 
in spring with elevated enzyme activity in fish from the contaminated 
site. Seasonally, significant difference was observed at the reference site 
with higher average activity in autumn (258.8 ± 45.1 μmol H2O2 min− 1 
mL− 1) compared to spring (200.8 ± 51.3 μmol H2O2 min− 1 mL− 1) 
(Fig. 4b). There were no significant seasonal differences at the 
contaminated site, although average CAT activity was slightly higher in 
spring (255.5 ± 63.6 μmol H2O2 min− 1 mL− 1) compared to autumn 
(239.8 ± 51.6 μmol H2O2 min− 1 mL− 1). 
GSH levels did not show significant and unique season- or site- 
specific differences. Average value was slightly higher at the reference 
site compared to the contaminated site in autumn, whereas opposite 
pattern was visible in spring with higher values at the contaminated 
location (Fig. 4c). Average values of GSH concentrations ranged from 
1109.9 ± 174.0 nmol g− 1 w.w. to 1329.7 ± 299.1 nmol g− 1 w.w. when 
both locations and seasons are considered (Fig. 4c). 
Table 1 
Biometric parameters (mean ± S.D.) of Prussian carp (Carassius gibelio) from the Ilova River at the reference (Ilova village) and contaminated site (Trebež village) in 
two sampling campaigns (autumn and spring). Statistically significant differences (Mann-Whitney U test) at p < 0.05 level between two seasons at each sampling site 
are marked with asterisk (*) and between two sampling sites within the same season are assigned with different superscript letters (A and B).  
Location Season Total length (cm) Body mass (g) GSI (%) HSI (%) FCI (g cm¡3*100) 
Ilova village Autumn 2017 
n = 20 
16.2 ± 1.6A 69.82 ± 23.17*, A 3.11 ± 1.44 5.87 ± 1.78* 1.59 ± 0.09*, A 
Spring 2018 
n = 23 
15.9 ± 2.2 54.57 ± 21.43*, A 5.25 ± 3.60A 1.44 ± 0.53* 1.31 ± 0.10*, A 
Trebež village Autumn 2017 
n = 20 
18.8 ± 2.9B 122.34 ± 58.13B 4.67 ± 2.68* 5.44 ± 1.52* 1.70 ± 0.12B 
Spring 2018 
n = 20 
17.5 ± 3.9 103.03 ± 83.00B 7.63 ± 4.67*, B 2.36 ± 0.77* 1.67 ± 0.15B 
GSI –gonadosomatic index; HSI –hepatosomatic index; FCI – Fulton condition index. 
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Fig. 1. Total and cytosolic concentrations of nine metals/metalloids in the intestine of Prussian carp from the Ilova River at two sampling sites (reference: Ilova 
village; contaminated: Trebež village) and two seasons that were elevated at the contaminated site. Statistically significant differences (Mann-Whitney U test) at p <
0.05 levels between two seasons at each sampling site are marked with asterisk (*) and between two sampling sites within the same season are assigned with different 
superscript letters (A and B). 
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3.4.3. MT- biomarker of metal exposure 
Significant differences in MT concentrations were not observed 
regarding site or season. However, slightly higher MT induction was 
evident at the contaminated compared to the reference site in both 
seasons and in autumn compared to spring at both investigated locations 
(Fig. 4d). Average values of MT concentrations ranged from 2.13 ± 0.80 
mg g− 1 w.w. to 2.57 ± 0.93 mg g− 1 w.w. when both locations and 
seasons are considered. 
4. Discussion 
4.1. Fish biometry 
Significantly higher biometric parameters (TL, TM and FCI) at the 
contaminated site indicated higher bioavailability of food and nutrients 
(Lambert and Dutil, 1997) at that site, possibly connected with organic 
matter sourcing from wastewaters discharged into the river watercourse 
near the contaminated location. Contrary, in many studies, FCI decline 
was observed at highly contaminated locations (Laflamme et al., 2000; 
Rajotte and Couture, 2002; Zhelev et al., 2018). Thus, contamination of 
the Ilova River evidently did not induce additional defense mechanisms 
that might cause decreased FCI values. Additionally, these three pa-
rameters were higher in autumn than in spring at both investigated lo-
cations. Opposite trend was observed for GSI, with higher values in 
spring which coincides with the spawning period of Prussian carp, 
occurring from April to July (Sasi, 2008). Due to the high energy de-
mands during the fish reproductive development (Maddock and Burton, 
1998), FCI and HSI often show the opposite trend than GSI, resulting in 
mostly lower values in the spawning periods of different fish species 
(Farkas et al., 2003; Sabrah et al., 2016; Mijošek et al., 2019b) and of 
Prussian carp (Leonardos et al., 2008; De Giosa et al., 2014), as also 
confirmed in our research. 
4.2. Total and cytosolic trace and macro elements concentrations in the 
fish intestine 
Intestinal metal levels in fish cytosol represent elements in the sol-
uble tissue fraction which might bind to biologically important bio-
molecules and therefore potentially can cause toxic effects, whereas 
total metal concentrations refer to total metal tissue load, including both 
metabolically available and detoxified fractions. Our results pointed to 
the differences in total and cytosolic metal concentrations, i.e. higher 
total concentrations for several metals, but their quite similar spatial 
patterns (Figs. 1–3). 
As studies including fish intestine as target organ in metal pollution 
assessments are still rare, data on total and cytosolic metal concen-
trations in the intestinal tissue of Prussian carp represent the first data 
of such kind for this invasive fish. Descending order of total trace el-
ements in our research mostly followed the trend: Zn > Fe > Mn ≥ Rb 
≥ Cu > Se ≥ Cd > Ni > Sr > Mo > As > Co > V > Cs (Figs. 1–3). The 
highest total concentrations of Fe, Zn, Mn and Cu have already been 
observed in the intestine of other investigated freshwater fish species: 
rainbow trout (Dallinger and Kautzky, 1985), perch (Sures et al., 
1999), starlet (Jarić et al., 2011), European chub (Filipović Marijić and 
Raspor, 2012), barbel (Nachev and Sures, 2016), brown trout (Mijošek 
et al., 2019a) and Salmo trutta macrostigma (Yeltekin and Sağlamer, 
2019). The descending order of cytosolic elements in the intestine of 
Prussian carp in our research was Zn > Fe > Rb > Cu ≥ Mn > Se > Cd >
Sr > Ni > Mo ≥ As > Co > V ≥ Cs (Figs. 1–3), therefore mostly 
following the same trend as the total metal concentrations and con-
firming the pattern of Zn > Fe > Cu > Cd for cytosolic intestinal metals 
recorded in European chub from the Sava River (Filipović Marijić and 
Raspor, 2012) and brown trout from the Krka River (Mijošek et al., 
2019a, 2019b), both in Croatia. Considering macro elements, 
descending concentration order was K > Na > Mg > Ca in all 
mentioned freshwater fish species. 
In order to consider our results in the wider context, we made 
comparison with the data on metal accumulation in liver, muscle and 
gills of Prussian carp reported in other studies. Andreji et al. (2006) 
investigated total metal concentrations in muscles of five fish species 
from Nitra River (Slovakia), impacted by sewage waters, power plant, 
chemical factory and lignite mines, and observed pattern for Prussian 
carp was Fe > Zn > Cu > Mn > Cd > Ni > Co. In gills, liver and muscle of 
Prussian carp from the agriculturally impacted Marmara Lake (Turkey) 
descending order of investigated metals was Cu > Cd > Ni > Cr > Pb >
Al > As > Hg (Yabanli et al., 2014). Finally, Đikanović et al. (2016) 
compared metal accumulation in liver, muscle and gills of nine fish 
species from the Međuvršje Reservoir (Serbia) which receives untreated 
industrial and communal waters, and Prussian carp was shown as the 
most effective accumulator of most metals and the highest concentra-
tions of Fe and Zn were observed in all tissues. 
Metal accumulation in the intestine of Prussian carps was compared 
with environmental metal concentrations in the water and sediments of 
the Ilova River and their spatial patterns indicated higher levels of 
several metals/metalloid in the area near the Trebež village. Cadmium, 
Cs, Cu and Rb were 2–5 times higher in fish from the contaminated than 
reference site depending on the season (Fig. 1), while in the water and 
sediment samples Cd, Cs and Rb were also considerably higher near the 
Trebež village (Mijošek et al., 2020a). It is already known that Cs and Cd 
concentration in water is one of the main factors that affect their bio-
accumulation in organisms (Rowan and Rasmussen, 1994; Pinder et al., 
2011; Dragun et al., 2019). However, concentrations of V in water and 
sediment samples were also significantly higher at the Trebež village, 
but that trend was not observed in fish in the present research. Quite the 
Fig. 2. Total and cytosolic concentrations of two metals in the intestine of Prussian carp from the Ilova River at two sampling sites (reference: Ilova village; 
contaminated: Trebež village) and two seasons that were elevated at the reference site. Statistically significant differences (Mann-Whitney U test) at p < 0.05 level 
between two seasons at each sampling site are marked with asterisk (*) and between two sampling sites within the same season are assigned with different superscript 
letters (A and B). 
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Fig. 3. Total and cytosolic concentrations of seven metals/metalloids in the intestine of Prussian carp from the Ilova River at two sampling sites (reference: Ilova 
village; contaminated: Trebež village) and two seasons with comparable concentrations in both sites. Statistically significant differences (Mann-Whitney U test) at p 
< 0.05 level between two seasons at each sampling site are marked with asterisk (*) and between two sampling sites within the same season are assigned with 
different superscript letters (A and B). 
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opposite, V concentrations were even 1.5–2 times higher in the intestine 
of fish from the reference site (Fig. 2). As Ilova village is also located 
near the agricultural area, enhanced V accumulation in fish might be the 
consequence of using fertilizers, herbicides and insecticides which were 
reported as possible metal sources of variety of metals, including V 
(Dragun et al., 2011; Ramani et al., 2014). Additionally, V 
concentrations in fish might reflected their feeding behavior as die-
tborne metal uptake can be of equal or even higher importance than the 
waterborne metal uptake (Clearwater et al., 2000). Manganese levels 
were also significantly higher in fish from the reference site (Fig. 2), but 
in water samples that difference was observed only in autumn (Mijošek 
et al., 2020a). Hence, further research should involve determination of 
metal concentrations in fish food as other possible metal source, espe-
cially due to intestinal role in food digestion and nutrient absorption. 
Cobalt, K, Mo, Ni, Se, Sr and Zn had comparable concentrations in the 
fish intestine from both sites (Fig. 3), which could also not be associated 
to the environmental exposure from the water and sediments, indicating 
strong regulative role of essential elements in fish, as already reported 
for different species in many studies (Olsvik et al., 2000; Monna et al., 
2011; Dragun et al., 2019) and possible additional impact of feeding 
habits on metal levels. 
Although seasonal differences in our research were not so pro-
nounced and clear, for more elements elevated total and cytosolic levels 
were recorded in spring at both investigated locations (Figs. 1–3). Sea-
sonal changes of metal concentrations in fish may result from factors 
such as fish growth and reproductive cycle, changes in water tempera-
ture, pH or seasonal variations of metal exposure from water, food and 
sediments. The link of metal concentrations and reproductive stage 
might be due to increased metabolic needs for essential metals such as 
Fe, Mn and Zn as constitutive part of important biomolecules (Miramand 
et al., 1991; Filipović Marijić and Raspor, 2010). Therefore, our results 
on mostly higher metal levels in spring, the spawning period of Prussian 
carp, might be related to the physiological changes during reproductive 
period. Similar to our results, during the spawning periods of European 
chub mostly higher essential metal levels were observed in the gill 
(Dragun et al., 2007) and intestinal cytosols (Filipović Marijić and 
Raspor, 2010), as well as in the intestinal cytosols of brown trouts 
(Mijošek et al., 2019b). 
Therefore, the cause of variability of metal content in the fish 
Table 2 
Average proportions of total metal/metalloid amounts pre-
sent in the cytosolic fractions (%) of the intestine of C. gibelio 
from two sampling sites (reference site: Ilova village and 
contaminated site: Trebež village) and two sampling cam-
paigns (autumn 2017 and spring 2018). The results are pre-
sented as mean ± S.D. of all sites and campaigns, with average 
range (minima and maxima) within brackets. Metals/metal-
loids are listed in the descending order.   
Average proportion in cytosols 
Na 109.9 ± 7.2 (107.2–114.9) 
K 102.8 ± 5.7 (101.4–105.9) 
Rb 92.9 ± 5.2 (91.1–96.8) 
Se 84.1 ± 10.2 (80.8–87.2) 
Cd 79.9 ± 5.9 (77.5–82.2) 
Cs 79.0 ± 11.8 (69.3–86.3) 
As 72.8 ± 11.7 (67.4–78.6) 
Mo 71.5 ± 8.0 (67.6–77.4) 
Mg 66.3 ± 4.7 (63.0–68.5) 
Co 65.4 ± 10.7 (61.1–70.6) 
Zn 57.1 ± 12.4 (49.8–62.8) 
Sr 50.2 ± 6.0 (48.4–52.4) 
Cu 46.1 ± 12.4 (38.8–54.0) 
Ca 44.2 ± 5.4 (42.4–46.1) 
Mn 39.0 ± 8.2 (35.5–47.1) 
Fe 34.3 ± 14.1 (22.1–45.5) 
V 30.7 ± 8.8 (26.1–36.2) 
Ni 24.7 ± 13.8 (19.0–30.7)  
Fig. 4. Biomarker levels (a) MDA; b) CAT; c) GSH; d) MT) in the intestine of Prussian carp from the Ilova River at two sampling sites (reference: Ilova village; 
contaminated: Trebež village) and two seasons (autumn and spring). Statistically significant differences (Mann-Whitney U test) at p < 0.05 level between two seasons 
at each sampling site are marked with asterisk (*) and between two sampling sites within the same season are assigned with different superscript letters (A and B). 
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intestine cannot be completely explained by waterborne metal uptake or 
by sediments as alternative metal source so further research should 
involve determination of metal concentrations in fish food as other 
possible source since significance of dietary metal uptake has already 
been shown in variety of freshwater fish species (Clearwater et al., 2000; 
Lapointe and Couture, 2009; Filipović Marijić and Raspor, 2012; Raj-
kowska and Protasowicki, 2013). 
4.3. Proportions of intestinal trace and macro elements present in the 
cytosolic fractions of C. gibelio intestine 
Trace and macro elements cytosolic fraction represent their portions 
available to bind to physiologically important biomolecules, and 
therefore, might be potentially toxic (Wallace et al., 2003; Urien et al., 
2018). Despite the differences in metal concentrations between the sites, 
the portions of metabolically available metal contents in the intestine of 
Prussian carps were mostly comparable at both locations. For Ca, Cu, Fe, 
Mn, Ni and V < 50% of total metal levels were present in the soluble 
cytosolic fraction, indicating their higher presence in tissue fraction 
which is not considered as metabolically available. We have already 
reported the proportion of Tl in the intestine of the same specimens to be 
around 40% (Mijošek et al., 2020b). Proportions of the other investi-
gated metals (As, Cd, Co, Cs, K, Mg, Mo, Na, Rb, Se, Sr and Zn) were >
50% in cytosol, where metals have a potential to become toxic by 
binding to enzymes (metal-sensitive fraction), but can also be detoxified 
by binding to cytosolic biomolecules, such as metallothioneins (Wallace 
et al., 2003; Urien et al., 2018). Thus, although As, Cd, Cs, Mo, Rb and Se 
were present in proportions even higher than 70% (Table 2), such result 
does not necessarily reflect their toxic levels in organisms because it can 
also indicate metals detoxified by metallothioineins, which cannot cause 
harmful effects (Bonneris et al., 2005). As seen in Table 2, K and Na as 
the main cations responsible for maintaining normal cytosolic osmo-
larity were completely present in the cytosols. 
Cytosolic proportions of intestinal metal levels in other fish species 
were reported only for brown trout from the karst Krka River (Mijošek 
et al., 2019a, 2019b) and European chub from the lowland Sava River 
(Filipović Marijić and Raspor, 2012). The average percentages of 
analyzed elements present in the soluble, cytosolic intestinal fraction of 
Prussian carp were comparable to the order found in brown trout: K, Na 
(>99%) > Se (88%) > Cs (86%) > Cd (84%) > Rb (82%) > Mo (73%) >
As (69%) > Mg (67%) > Tl (60%) > Co (56%) > Fe (50%) > Sr (48%) >
Zn (47%) > Ca (43%) > V (41%) > Mn (40%) > Cu (38%) > Ni (36%) 
(Mijošek et al., 2019a, 2019b); and in European chub: Cd (90–100%), Zn 
(70–80%), Cu (50–80%), Fe and Mn (30–40%) (Filipović Marijić and 
Raspor, 2012). Therefore, in the intestinal cytosolic fractions of different 
fish species metals were present in similar proportions, despite consid-
erable differences in their concentrations. Some smaller differences in 
proportions are probably associated with different physiological char-
acteristics and biology of specific fish species, as well as with different 
environmental conditions. 
The information on cytosolic metal proportions in the intestinal tis-
sues of some other fish species is not available, so we made the short 
overview of subcellular compartmentalization of metals investigated in 
other fish tissues. Van Campenhout et al. (2010) investigated cytosolic 
metal distribution in liver and kidneys of Prussian carps from metal- 
impacted habitats and revealed high proportion (60–70%) of the total 
tissue Cd, Cu and Zn concentrations in hepatic, and 50% of total Cd and 
30% of total Cu and Zn concentrations in renal cytosols. For other fish 
species, Rosabal et al. (2015) reported the organelles and metal- 
sensitive fraction with heat-denaturated proteins (HDP) as main bind-
ing site for As in the liver of Anguilla anguilla and Anguilla rostrata, which 
indicated high probability of toxic effects. Although present in cytosol in 
very high proportion, as in our research, it is known that Cd mostly binds 
to the heat-stable proteins (HSP), metallothioneins, which therefore 
indicates its high detoxification level and much decreased risk of 
harmful effects (Kraemer et al., 2006; Rosabal et al., 2015). Although it 
was recorded that Se was mostly present in cytosols in the liver of Arctic 
char Salvelinus alpines, the same amount of Se was found in HSP and 
fraction containing lysosomes, microsomes and HDP, which suggested 
that significant part of Se is actually present in detoxified form (Barst 
et al., 2016). Further, Urien et al. (2018) reported results on subcellular 
partitioning of As, Cd, Cu, Se and Zn in liver and gonads of wild white 
suckers (Catostomus commersonii) and concluded that As, Cd, and Cu 
mostly bind to HSPs, contrary to Se and Zn which mostly bind to HDPs, 
although Zn was also found to be distributed in all the other subcellular 
fractions, as expected due to its essential role as a co-enzyme in many 
metabolically important processes (Mason and Jenkins, 1995). Low 
proportions of Ni in cytosols found in our research are in accordance 
with results from Rosabal et al. (2015) who reported that granule-like 
structures have the main role in detoxifying Ni in the liver of Euro-
pean eels. However, opposite results for Ni were also reported, specif-
ically for wild yellow perch, in which hepatic Ni concentrations were the 
highest in HDP fraction within metal-sensitive fraction (Giguere et al., 
2006), which enables possible interaction with physiologically impor-
tant biomolecules and potential toxic effects of this element. 
Hence, elements present in cytosols might only be partially toxic, due 
to the existing detoxification mechanisms involving their binding to 
HSPs (MTs and MT-like proteins), especially in conditions of only 
moderate metal contamination. However, some amount of metals is 
always found to be bound to metal sensitive HDPs showing that mech-
anisms of detoxification are not completely efficient. Their presence in 
cytosols indicates potential threats and possible toxic effects of metals/ 
metalloids for organisms which include blocking functional groups, 
substitution of essential metals or modification of active sites of 
important biomolecules (Mason and Jenkins, 1995). 
4.4. Biomarker responses 
In order to estimate the application of intestine as bioindicator tissue 
and provide a comprehensive assessment of the environmental quality, 
multi-biomarker approach was applied. The impact of metal contami-
nation on fish from the Ilova River was investigated to assess the level of 
oxidative stress in fish by the measurement of MDA, as a manifestation 
of lipid peroxidation, and of antioxidants (CAT and GSH), as compo-
nents of antioxidant defense system (van der Oost et al., 2003). In 
addition, MTs were used as a direct link with metal contamination since 
these low molecular mass cysteine and metal-rich proteins have signif-
icant roles in maintaining the homeostasis of essential trace metals (Zn 
and Cu), removal of toxic metals (Cd, Ag and Hg) and protection against 
oxidative damage (Vašák, 2005). 
Increased concentrations of MDA reflect oxidative stress in organ-
isms induced by enhanced production of ROS (Banerjee et al., 1999). In 
our research, significantly higher intestinal values of MDA were 
observed in fish at the contaminated site compared to the reference 
location in both seasons (Fig. 4a). Obtained MDA values ranged from 
39.87 to 104.73 nmol g− 1 w.w., which is, especially at the reference site 
of the Ilova River, much lower than MDA levels reported for brown trout 
from the Krka River (Mijošek et al., 2019b). Although concentrations 
were not as high as in brown trouts, significant difference between the 
two sites of the Ilova River suggested that fish were exposed to higher 
levels of oxidative stress near the Trebež village, which might be linked 
to mostly elevated metal levels at that site (Mijošek et al., 2020a). 
Efficiency of fish antioxidant defense system was tested by analyzing 
CAT activity and GSH levels. Various responses of CAT activity were 
observed in animals exposed to metallic contaminants in either field or 
laboratory experiments depending on the dose, element, the species or 
the route of exposure (Atli et al., 2006; Tsangaris et al., 2011; Greani 
et al., 2017; Mijošek et al., 2019b). CAT activity in the intestine of 
Prussian carp in our research was significantly elevated in fish from the 
contaminated compared to the reference site in spring, while there were 
no differences in autumn, possibly associated with the trend of higher 
metal levels in spring. Although average GSH levels followed the same 
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patterns as CAT activity, significant differences were not observed 
(Fig. 4b and 4c). Obtained values of CAT and GSH were either compa-
rable or slightly lower than reported for the intestine of the brown trouts 
from the Krka River (Mijošek et al., 2019b). To our knowledge, there is 
no other available literature data on GSH levels in the intestinal tissue of 
any fish species. 
Antioxidants responses induced by pollution vary for different spe-
cies, enzymes, single or mixed contaminants. The literature data re-
ported on either higher, unchanged or lower activities of antioxidants as 
the response to pollutant exposure in both laboratory and field studies 
(van der Oost et al., 2003) and metal caused formation of ROS and 
damaging tissues (DNA, proteins and lipids) has already been well 
investigated. For example, Berntssen et al. (2001) showed that exposure 
of Atlantic salmon to dietary Cu had a direct effect on lipid peroxidation 
of the intestine even at low concentrations, while Cd induced additional 
MDA synthesis only at its highest concentration. In the same research, 
significant differences in GSH levels in the intestine or liver were not 
observed among fish fed diets containing different Cd concentrations. 
Considering studies on Prussian carps, Tsangaris et al. (2011) investi-
gated oxidative stress biomarkers in toxicity testing of Ukrainian 
polluted river waters. They measured oxidative stress biomarkers in 
C. gibelio liver after the 96 h exposure to the river water samples and 
found out that antioxidant enzymes, including CAT, mostly increased 
after the exposure, while there were no differences in MDA levels be-
tween the exposed and control fish. Further, Liu et al. (2005) reported 
significant induction of GSH in liver of Carassius auratus after Cu expo-
sure. Considering CAT activity, Atli et al. (2006) investigated response 
to Ag, Cd, Cr, Cu and Zn among five tissues of freshwater fish Oreo-
chromis niloticus and increasing concentrations of all elements, except 
Cu, caused considerable enzyme inhibition in fish intestine. Radić et al. 
(2013) cage-exposed Cyprinus carpio to the water of the Ilova River for 7- 
and 21-day period and observed a significant increase in lipid peroxi-
dation in both gills and liver as bioindicator tissues, as well as decline in 
CAT and glutathione reductase (GR) activity in the gills, which sug-
gested a higher sensitivity of gills and earlier failure of the antioxidant 
system. Correlation analysis in our research confirmed significantly 
positive relation of As with MDA levels (r = 0.484, p < 0.05) and with 
CAT activity (r = 0.474, p < 0.05) in fish from the contaminated site in 
autumn, as well as of CAT activity and As at the reference site in spring 
(r = 0.535, p < 0.05). Similar relation of oxidative stress with As 
exposure had already been documented by Bhattacharya and Bhatta-
charya (2007) who reported induced tissue lipid peroxidation and 
increased activity of CAT in the liver of Clarias batrachus after exposure 
to As. Greani et al. (2017) also reported significant increase in MDA 
concentrations in muscles, liver, kidney and fins of exposed fish, as well 
as an enhanced antioxidants (CAT and SOD) activities, when investi-
gating the effect of chronic As exposure under environmental conditions 
on oxidative stress in wild trout (Salmo trutta). In our research, some of 
these elements such as Cd, Cu and As were significantly elevated in fish 
from the contaminated site, therefore, also pointing to their possible role 
in similar oxidative stress responses. 
In addition to biomarkers related to the oxidative stress, metal-
lothioneins (MTs) were used as widely recognized biomarkers of metal 
exposure. Due to their high affinity to specific metals, they are consid-
ered as efficient scavengers of ROS and contribute to the protection 
against oxidative injuries and many other environmental stressors 
(Viarengo et al., 1999). Significant MT induction was not observed in 
our research at any site (Fig. 4d). Comparison to other fish species 
revealed that average values of 2.0–2.5 mg g− 1 w.w. in Prussian carp 
were higher than in the intestine of the brown trout from the Krka River 
(0.8–1.5 mg g− 1 w.w.) (Mijošek et al., 2019a) and slightly lower than in 
the intestine of European chub from the Sava River (2.9–3.1 mg g− 1 w. 
w.) (Filipović Marijić and Raspor, 2010). Concentrations of the main MT 
inducers, Cd, Cu and Zn, were higher in fish from the contaminated than 
the reference site of the Ilova River (Fig. 1), possibly causing slightly 
higher average MT levels at that site. However, significant correlation of 
MT levels was confirmed only with Zn at the reference site in autumn (r 
= 0.509, p < 0.05) and at the contaminated site in spring (r = 0.506, p <
0.05). MT levels are known to be dependent on numerous factors 
including season, temperature, pH, age and size, gender, reproductive 
status (Hylland et al., 1998), making it difficult to distinguish the exact 
cause of MT induction. 
Thus, all biomarkers, to a higher or lesser degree, indicated exposure 
to higher levels of oxidative stress at the contaminated site, but cell 
antioxidant system seems to work in fish from both locations without 
significant decrease in levels of CAT, GSH or enhanced induction of MTs, 
which are usually caused by high metal concentrations in highly 
polluted environments. Therefore, biomarker responses in the intestinal 
tissue confirmed only moderate level of contamination of the studied 
freshwater system and indicated that fish intestine reflects environ-
mental conditions (Mijošek et al., 2020a). 
5. Conclusions 
Prussian carp itself was shown as a suitable bioindicator species in 
aquatic environmental pollution assessment and the intestine as suitable 
bioindicator organ, which reflects responses to contaminants from di-
etary pathways. Special significance of the presented data is that they 
are the first data on distribution of 18 elements and on the levels of 
oxidative stress biomarkers in the intestine of Prussian carp, which can 
serve as a basis for comparison in future monitoring programmes. Total 
and cytosolic concentrations of many trace and macro elements, as well 
as some biomarker responses in the intestine of Prussian carp pointed to 
more disturbed environmental conditions at the contaminated site of the 
investigated ecosystem, the Ilova River. Presence of many analyzed el-
ements in the cytosolic intestinal fractions was over 50%, therefore 
pointing that majority of metals/metalloids in the intestine can poten-
tially cause toxic effects. Although a portion of metals present in the 
cytosol is still expected to be detoxified by MTs, there is a significant 
possibility of harmful effects of these elements for the organisms by 
binding to biologically important molecules such as enzymes. 
Although obtained biological changes mostly indicated moderate 
pollution impact, significantly higher concentrations of elements such as 
As, Cd, Cs, Cu and Fe in combination with higher levels of oxidative 
stress (MDA) in fish from the contaminated site near the Trebež village 
highlighted the need of regular monitoring of the water quality and 
aquatic organisms of this region, especially knowing that this location is 
a part of protected wetland area of Lonjsko Polje Nature Park. 
Due to its high spread potential and the fact that Prussian carp is 
already, naturally or introduced, a widely spread species in Europe, this 
data present an important contribution to the future monitoring and 
preservation of European freshwater systems and serve as an good 
example of using invasive, instead of and along with native fish species 
in ecotoxicological and biomonitoring studies. 
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Andreji, J., Stránai, I., Massányi, P., Valent, M., 2006. Accumulation of some metals in 
muscles of five fish species from lower nitra river. J. Environ. Sci. Health, Part A 41 
(11), 2607–2622. https://doi.org/10.1080/10934520600928003. 
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Kapetanović, D., Erk, M., Rebok, K., Kostov, V., Jordanova, M., 2019. Mining waste 
as a cause of increased bioaccumulation of highly toxic metals in liver and gills of 
Vardar chub (Squalius vardarensis Karaman, 1928). Environ. Pollut. 247, 564–576. 
https://doi.org/10.1016/j.envpol.2019.01.068. 
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procedure as an analytical tool in biomonitoring studies. Croat. Chem. Acta 91 (4), 
475–480. https://doi.org/10.5562/cca3444. 
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of electrochemically determined metallothionein concentrations in wild freshwater 
salmon fish and gammarids and their relation to total and cytosolic metal levels. 
Ecol. Ind. 105, 188–198. https://doi.org/10.1016/j.ecolind.2019.05.069. 
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Milošković, A., Simić, V., 2015. Arsenic and other trace elements in five edible fish 
species in relation to fish size and weight and potential health risks for human 
consumption. Pol. J. Environ. Stud. 24, 199–206. https://doi.org/10.15244/pjoes/ 
24929. 
Miramand, P., Lafaurie, M., Fowler, S.W., Lemaire, P., Guary, J.C., Bentley, D., 1991. 
Reproductive cycle and heavy metals in the organs of red mullet, Mullus barbatus (L), 
from the northwestern Mediterranean. Sci. Total Environ. 103, 47–56. https://doi. 
org/10.1016/0048-9697(91)90352-F. 
Monna, F., Camizuli, E., Revelli, P., Biville, C., Thomas, C., Losno, R., Scheifler, R., 
Bruguier, O., Baron, S., Chateau, C., Ploquin, A., Alibert, P., 2011. Wild brown trout 
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